Photosynthetically active leaves of sugarbeet (Beta vulgaris L.) were incubated in 75 mM sucrose or glucose solution up to 24 h. The steady-state level of transcripts significantly decreased for the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (rbcS) and the cytosolic fructose-l,6-bisphosphatase and moderately for the large subunit of Rubisco (rbcL). The transcript level of sucrose phosphate synthase did not change. When leaf glucose, sucrose and starch levels were measured, internal sugar concentration was dramatically increased. Enzyme activities of fructose-l,6~-bisphosphatase and Rubisco remained unchanged in the presence of sugar. The accumulation of sugar caused the decrease of the sucrose phosphate synthase activity under the selective assay condition. 24 h after leaves had been transferred from sugar-containing solution to water, the sugar-induced repression on these genes was reversible and selective activity of sucrose phosphate synthase was recovered fully. The osmotic effect to the observed repression could be excluded because incubation with osmoticum did not lead to major changes in enzyme activities and transcript levels. Photosynthetic rates in sugar-treated leaves were declined at larger magnitudes than control, but it was mostly due to decrease of stomatal conductance rather than altered gene expression. Chlorophyll content remained relatively stable. These data provided evidence that end-products serve as molecular signals for repression of some genes encoding key enzymes of carbon metabolism and sucrose phosphate synthase appears to be differently regulated from other genes of carbon metabolism in photosynthetically active leaves.
Regulation of both pathways is complex and involves the interaction of several enzymes (Daie 1993) . Since sucrose is the major translocated product of photosynthesis in most crop plants, both pathways have been extensively studied to understand crop productivity. Sink control of photosynthsis has been suggested in several studies (Stitt 1990 , Goldschmidt and Huber 1992 . Depending on the level of metabolites and/or end-products under specific conditions, feedback or feed-forward mechanisms are activated to coordinate the rate of photosynthesis to that of sucrose synthesis. Most studies dealing with interactions and coordination between these two pathways provided physiological and biochemical evidence (Claussen et al. 1986 , Gerhardt et al. 1987 , Huber et al. 1990 , Krapp et al. 1991 , Schafer et al. 1992 ). For example, using transgenic tobacco and tomato plants which overexpressed a yeast-derived cell wall invertase, Von Schaewen et al. (1990) and Dickinson et al. (1991) showed that the accumulation of carbohydrates inhibits photosynthesis and influences growth. Little is known about the coordination of the two pathways at the molecular level.
End-product repression of gene expression has been known for a long time in microorganisms and animal systems (Entain 1980 , El-Maghrabi et al. 1988 . Metabolic regulation of gene expression appears also to be a central and fundamental regulatory mechanism in plant systems. It has been frequently proposed that an accumulation of carbohydrates is somehow responsible for feedback inhibition of photosynthesis and sucrose synthesis. Carbohydrate-regulated genes represent an especially valuable mechanism for adapting to environmental change because of immobility of plants (Koch 1996) . However, only recently evidence is becoming available on sugar repression of some photosynthetic gene. For example, Sheen (1990) provided molecular evidence on end-product repression of several photosynthetic genes in a maize transient expression system (mesophyll protoplasts). Koch et al. (1992) reported that sugar effects on the gene expression have the potential to profoundly influence metabolizable sugar partitioning and utilization. Other reports have suggested sugar-induced repression of few other carbon metabolism genes, mostly in transgenic plants (Mulle-Rober et al. 1990 , Karrer and Rodriquea 1992 , Criqui et al. 1992 , Krapp et al. 1993 . Despite recent advances, there is limited availability of molecular evidence in more physiologically relevant and competent systems.
Our long-term efforts are aimed at understanding the molecular physiology of sucrose synthesis, especially as it relates to leaf photosynthesis. Here, we are presenting molecular evidence supplemented with biochemical and physiological data on end-product repression of key enzymes involving carbon metabolism. Regulation of expression of genes encoding the small and large subunit of Rubisco were studied. We also monitored the two regulatory enzymes in the sucrose synthesis pathway, the cyt-FBPase and SPS. The data were obtained in a leaf disc system as well as in intact leaves of green-house-grown sugarbeet. Similar results were observed in the two systems.
Materials and Methods
Plant material-Sugarbeet plants (Beta vulgaris L. cv. monoHyE4) were grown in a mixture of perlite, vermiculite and peat moss ( 1 : 1 : 1 , v/v/v) in a greenhouse equipped with high pressure sodium bulbs (14 h light/10 h dark). Light intensity in the greenhouse fluctuated between 500 and 1,000//E m~2 s~' depending on the time of day and/or cloudiness. Day/night temperature was maintained at 26/18°C. Plants were watered every other day and fertilized weekly with commercial fertilizer solution. Three and four stage leaves among the six stages based on their overall developmental and sink/source status (Pitcher and Daie 1991) were used from seventeen-to nineteen-week old sugarbeet plants.
Sugar feeding experiment-For feeding to leaf fragments, leaves were excised and immediately made leaf fragments. After vacuum infiltration, they were incubated in 100 mM sucrose or glucose in the constant light (300//E m~2 s~') up to 24 h. For experiment with detached leaves, petioles with leaves attached were cut and immediately placed in beakers filled with distilled water, where the petioles were cut again under water to avoid xylem embolism. Such leaves were held in beakers containing water or 75 mM sucrose or 75 mM glucose under the constant light (300 pE m~2 s~') up to 24 h, separately. Occasionally, 3-O-methyl glucose solution was used as a nonmetabolized glucose analog or osmoticum. After incubation, the plant materials were frozen quickly in liquid nitrogen and stored at -80°C. Control leaves (0 h) were directly frozen in liquid nitrogen without any treatment after detachment. Midribs were removed from all detached leaves before store. All experiments were done in triplicate and repeated twice.
Leaf photosynthesis and chlorophyll-Photosynthetic rates were measured using a Li-Cor (Lincoln, NE) LI-6200 portable photosynthesis monitoring system. To determine chlorophyll content, frozen leaf tissue was homogenized in chilled 80% acetone and centrifuged. Chlorophyll content was measured as described by Arnon (1949) .
Enzyme activities-Frozen leaf tissue was homogenized in cold extraction buffer (50 mM MOPS-NaOH, pH 7.5, 1 mM EDTA, 15 mM MgCl 2 , 2.5 mM dithiothreitol, 0.1% Triton X-100, 2% polyvinylpolypyrrolidone, 1 mM phenylmethyl sulfonyl fluoride). After centrifugation for 15 min at 10,000 xg, the supernatant was used for measuring of cytosolic and chloroplastic FBPase, SPS and activated Rubisco activities.
Activities of the cytosolic FBPase and chloroplastic FBPase were assayed according to the method Kelly et al. (1982) as modified by Harn and Daie (1992) .
To measure SPS activitiy, crude extract was desalted on a Sephadex G-25 column equilibrated with extraction buffer minus Triton X-100, polyvinylpolypyrrolidone and phenylmethyl sulfonyl fluoride. SPS activity was then assayed as described by Huber et al. (1990) , using two different substrate concentrations for a "selective" (substrate-limiting) assay (6 mM fructoses-phosphate, 24 mM glucose-6-phosphate, 20 mM uridine diphosphoglucose, 20 mM Pi) and a "non-selective" (substrate-saturating) assay (20 mM fructose-6-phosphate, 80 mM glucose-6-phosphate, 20 mM uridine diphosphoglucose).
The activity of Rubisco was assayed by measuring the incorporation of 14 C from radiolabelled sodium bicarbonate into acid stable material as described by Ghosh et al. (1989) and modified Dressmann et al. (1994) .
Activity data are shown per unit of protein. Protein concentration was estimated by the Bradford method (1976), using the Bio-Rad protein assay kit with bovine serum albumin as a standard.
Isolation and analysis of RNA-Total RNA was isolated as described by Chomczynski and Sacchi (1987) with modification. Tissue (0.5 g) was ground by mortar and pestle in 5 ml of denaturation solution contained 4 M guanidium thiocyanate, 25 mM sodium citrate, pH7.0, 0.5% sarcosyl and 0.1 M 2-mercaptoethanol. Five ml of water saturated phenol, 2 ml of 2 M sodium acetate and 1 ml of chloroform : isoamylalcohol (49 : 1) were sequentially added to the homogenate and the final suspension was centrifuged at 10,000 xg for 20 min. An equal volume of isopropanol was added to the aqueous phase and RNA was sedimented at 10,000 xg for 20 min.
Fifteen fig of total RNA was fractionated on \% agarose gels containing formaldehyde. The gel was blotted onto Hybond-N membrane (Amersham, U.K.) in I O X S S C (3 M NaCl and 0.3 M sodium citrate, pH 7.0) by using a Vacugene pump (Phamacia, Sweden). Hybridization was performed in 0.25 mM NajHPO 4 -7H 2 O, pH 7.4, 1 M EDTA, \% casein and 1% SDS for 2 h at 63°C.
The cDNA probes were a sugarbeet cytosolic FBPase (Harn and Daie 1992 ), a 0.52 kb insert (most conserved region located at the middle of the sequence) from maize SPS. The full length SPS cDNA was a generous gift from Cal gene Inc. (Davis, U.S.A.), the sequence of which was published by Worrell et al. (1991) . The amaranth rbcL and rbcS (Berry et al. 1985) , and the radish 18 S rRNA (Delseny et al. 1983) were also used as probes.
After getting hybridization blots, the signal intensities of the blots were quantitated by densitometric scanning with Softlaser Scanning Densitometers (Biomed Instrument Inc. U.S.A.).
Carbohydrate assays-The starch was assayed using the method described by Galtier et al. (1993) . Frozen leaf tissue was ground in 1 M HC1O 4 . After centrifugation, the pellet was extracted in 80% acetone and resuspended in water. The suspension was boiled at 100°C for 60 min and then incubated in 50 mM sodium acetate buffer (pH 4.6) containing 3 units of amylase and 60 units of amyloglucosidase (Boeringer Manheim) for another 60 min at 50°C. Glucose was measured enzymically using a glucose determination kit (Sigma, 510-A). Sucrose was quantitated by the anthron method (Ashwell 1957) .
Results and Discussion
Sugar repressed gene expression in excised leaf tissue -Experiments were conducted in which leaf discs were incubated in solutions containing 100 mM sucrose or glucose for up to 24 h under light conditions. Expression of rbcL, rbcS, cyt-FBPase and SPS were monitored. Sucrose and glucose caused significant decline of expression of rbcL, rbcS and cyt-FBPase (Fig. 1) . Sugar concentrations of 100 mM resulted in a response that both rbcS and cyt-FBPase transcripts were repressed as early as 4 h (Fig. 1) . The early repression of some genes suggested that sugars had reached their site of action and had caused the induction of the proteins which would bind to putative sugar-responding regulatory sequences in the 5'-region of the gene (Sheen 1990 , Huang et al. 1993 . Maas et al. (1990) suggested that a 26 bp element adjacent to the transcription start site involving the metabolic regulation of sucrose synthase gene. Karrer and Rodriguez (1992) analyzed promoter sequences of six sugar-repressed genes to identify putative cis-acting element. However, no consensus cis-acting element to mediate repression in sugar repressed plant genes have been reported.
Within 4 h rbcS transcript had declined 44% and 70% and cyt-FBPase had declined 41% and 39% in the presence of sucrose and glucose, respectively (Fig. 1) . rbcL transcript declined moderately only after 8 h (24% and 31%) and continued to decline up to 24 h (55% and 58% with sucrose and glucose, respectively). The response of the rbcL was less dramatic than that of rbcS and cyt-FBPase. Less sensitivity of rbcL than rbcS and cyt-FBPase was also observed in culture-grown sugarbeet system (Kovtun and Daie 1995) . The data were consistent with the assumption 1 Total RNA blot analysis of genes encoding four carbon metabolism enzyme (cyt-FBPase, rbcL, rbcS and SPS) in sugarbeet leaf discs exposed to solutions containing 100 mM sucrose or glucose under light. Samples were taken three and four stage leaves from seventeen to nineteen-week-old, greenhousegrown sugarbeet plants. 18 S rRNA was used as an internal control. Numbers at the top of the blot are time (h) of incubation. C, control (untreated).
that cytosolic enzymes play a more important role in carbohydrate partitioning in leaves , and that sugar repression of chloroplast-encoded genes occur later than the nuclear-encoded genes (Criqui et al. 1992 ). On the other hand, SPS transcript remained stable during the 24 h incubation period. Unaltered transcript level of SPS in our result is consistent with reports that SPS regulation and its coordination with photosynthesis occur mainly at the biochemical level (fine control) and at the posttranslational level (coarse control) of SPS protein (Stitt and Quick 1989, Huber and .
The internal control experiment with 18 S rRNA of radish were also included (Fig. 1) . The fact that rRNA transcript remained unchanged (less than 10% variation) suggested that sugar effects on repression of gene expression was specific to some (and not all) of carbon metabolism genes that were monitored. The data indicated that repression of the genes was not specific to sucrose, which is a stable end product of photosynthesis. Both sucrose and glucose appeared effective repressor. Fructose also repressed these genes and the difference of sensitivity was only observed (data not shown). The difference of sensitivity could be due to the substrate specificity of hexokinase which is important for glucose signaling (German 1993 ). These sugarresponsive genes could provide a mean of adjusting wholeplant resource allocation between source and sink tissues and may ultimately contribute to adaptive mechanism on environmental changes (Koch 1996) . The nature of the signal molecule(s) is(are) not defined obviously. Sheen (1994) suggested that in higher plants sugar-repression was triggered not by the sugar per se, but by sugar phosphates, implying a role for kinase(s). To elucidate the exact mechanism of sugar repression, studies are needed concerning cis-acting elements, sugar phosphorylation and/or putative second messenger such as cAMP which is involved in glucose signaling in E. coli, yeast and mammals (Sheen 1994) .
Sugar also repressed gene expression in intact leavesTo monitor gene repression in a more physiological relevant system, similar experiments were conducted with intact leaves. Steady state level of transcript of rbcS, rbcL, cyt-FBPase, SPS and rRNA is shown in Figure 2 . Much like the tissue system, rbcS and cyt-FBPase genes showed the highest sensitivity to sugar repression. Only 5% and 25% (of control) rbcS transcript was detected after 24 h exposure to sucrose or glucose, respectively. After 24 h, cytFBPase transcript was 23% and 35% of control with sucrose and glucose, respectively. Compared to rbcS, repression of rbcL occurred slower and at more moderate levels. SPS transcript levels did not change during the 24 h incubation period as a leaf disc system. An osmotic effect was not anticipated anyway because (1) our previous work had shown that water stress imposed on sugarbeets for several days had no effect on the steady state level of either cyt-FBPase (Harn and Daie 1992) or rbcS transcripts (Dressmann et al. 1994) and (2) other investigators had reached similar conclusions (Sheen 1990 , Karrer and Rodriguez 1992 , Jang and Sheen 1994 .
To elucidate whether sugar itself is necessary for gene repression, the experiment which was 24 h incubation in 75 mM 3-O-methyl glucose, a nonmetabolized analogue of glucose, was conducted. The transcript levels remained relatively stable in tissues which were incubated in 3-Omethyl glucose (Fig. 3) . It was indicated that simple uptake of sugar itself could not cause sugar-specific gene repression and 3-O-methyl glucose can be considered as a simple osmoticum. Jang and Sheen (1994) suggested that sugars which can be served as a substrate for a hexose kinase are direct signals for sugar repression. Since these experiments produced equivalent results to those obtained in the leaf tissue system, leaf tissue system could be used as a useful system in contrast with report which perhaps wounding during cutting contributed to inhibition of gene expression besides sucrose repression (Criqui et al. 1992) .
While these experiments were doing, two questions arose: (1) to what extent did the internal sugar content of intact leaves change during the 24 h and (2) whether continued presence of .sugar was a requirement for gene repression. To answer these questions, derepression experiments were conducted in which intact leaves were transferred to water after they had been exposed to sugar-containing solutions for 24 h (to achieve maximum repression) after which transcripts, sucrose, glucose and starch levels were monitored for an additional 24 h.
Sugar-induced repression was reversible-24 h after leaves had been transferred from sugar-containing solution to water, transcript level of the genes which had been repressed in the presence of sucrose or glucose (rbcS and cyt-FBPase) had increased significantly (Fig. 4) . While transcript levels did not recover back to the original (untreated) levels, the levels were comparable to those found in leaves treated with water for 24 h. Incubation of leaves in water under continuous light condition led to sugar accumulation in the leaves which resulted in moderate gene repression (see Table 1 for sugar levels). In addition, a relatively rapid derepression and recovery to control levels indicated that the putative trans-acting factor(s) was(were) not stable and that contained presence of sugars was required for its continued repression. Collectively these data provided evi-
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Derepre. (485) dence that end-products serve as molecular signals for repression of some genes encoding key enzymes of carbon metabolism in leaves and their repression was reversible. These data, however, did not provide any insight on whether end-product repression (and derepression) of important genes was a physiologically significant regulatory mechanism. To gain insight on the physiological significance of these mechanisms, we determined the activity of these enzymes and measured leaf photosynthetic rates and some other related parameters.
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Sugar and starch content of leaves increased in all treatments-Leaf glucose, sucrose and starch levels increased in all leaves including the water-treated leaves for 24 h (Table  1) . Within 24 h starch levels had increased 3-5 fold in various leaves. The internal concentration of both glucose and sucrose increased in the leaf blade, regardless of which solution the petiole had been placed into, suggesting interconversion of the two sugars in the leaf, presumably due to invertase and/or de novo sucrose synthesis. Surprisingly, sugar levels remained high during the latter 24 h when derepression of genes had occurred. It should be noted that the measured sugar levels reflect the total sugar content of leaves (average of several compartments). Therefore, the apparent discrepancy may be related to compartmentation of excess sugar in the vacuoles and away from their site of action. Correlations between leaf sugar content and gene repression of only certain genes ruled out the possibility of non-specific response such a wounding and related ethylene Table 2 Enzyme activity in intact sugarbeet leaves with petiole placed in solutions containing 0 or 75 mM sucrose or glucose for 24 h (repression) then transferred to water for an additional 24 h (derepression) production. Table 2 show that no change was observed in the activity in Rubisco and chl-FBPase of intact leaves up to 24 h (for brevity the unchanged activities for the shorter incubations times are not shown). Nor was any difference detected in the activity of the cyt-FBPase in response to sugar feeding treatments (Table 2) . These enzymes appeared to be stable and apparently required more than 48 h of sugarfeeding before substantial decline in activity could be measured. In support of this assumption, Krapp et al. (1991) showed that activity in Rubisco and other photosynthetic enzymes did not change until 3 days after glucose had been supplied to the leaves.
Sugar was not effective inhibitor of enzyme activityData in
SPS activity under non-selective conditions (K max ) remained relatively stable in all treatments, suggesting that the SPS protein was stable under those conditions (Table  2 ). However, under selective (substrate-limited) assay conditions, in 24 h SPS activity had declined significantly in leaves exposed to either sucrose (48%) and glucose (32%), resulting in lower SPS activation state in the presence of these sugars. Note that selective SPS activity recovered fully during the derepression period, suggesting that cytosolic sucrose levels may have declined to control levels (in contrast to continued high total levels). Again, effective compartmentation of sucrose seems to have occurred. Very similar patterns of enzyme activity were observed in the leaf tissue system as well.
Sucrose-induced decline in SPS activity was not surprising because sucrose inhibition of SPS has been reported in some species (Stitt and Quick 1989, Huber and . Inhibition of SPS in the presence of glucose (albeit moderate) was surprising, unless one assumes conversion of glucose to sucrose (via sucrose synthase activity). Regulation of SPS is known to occur by end-product inhibition (fine control). Coarse control of SPS was also shown as covalent modification via phosphorylation/dephosphoryrbcS cyt-FBPase - lation . Both cyt-FBPase and Rubisco are also regulated by coarse control (Gruissem 1989, Harn and Daie 1992) . Coarse control of the latter enzymes involves partial control at the transcriptional level. SPS was differently regulated from cyt-FBPase and rbcS, not requiring gene repression as a control mechanism, at least in response to sugar end-products. It was reported responses of SPS genes to sugar availability may be complex (Koch 1996) . Coordination of physiological and molecular aspects for the key enzymes involving photosynthesis and sucrose synthesis in photosynthetically active leaves was a consequence of changes in endogenous levels of photosynthetic intermediates and end products. End-product regulation may exert in a different step depending on each gene type. An important question, whether metabolic regulation overrides developmental regulation was suggested by Sheen (1990) . Our results provided evidence that the metabolites can override other types of regulation.
Sugar did not repressed gene expression in sink leaves -When detached, sink leaves of one or two stage among the six stages (Pitcher and Daie 1991 ) from greenhousegrown plants were incubated in sucrose and glucose for 24 h, they showed different response from source leaves. In these leaves, there was no significant repression of rbcS and cyt-FBPase genes (Fig. 5) . Interestingly, these genes showed similar expression pattern to those of culture-grown sugarbeet plants reported by Kovtun and Daie (1995) . They showed enhanced gene expression in the presence of sugar and accelerated leaf development from sink to source in a culture-grown sugarbeet plants. And mature leaves from culture-grown plants also did not show sugar-repression. Our work with source leaves from greenhouse-grown 
Data are the means ±SE of three replicates. Numbers in treatment are time (h) of incubation and numbers in parenthesis are percentage of 4 h incubation in water. C, control (untreated); W, water; S, 75 mM sucrose; G, 75 mM glucose.
plants was vice versa (Fig. 1, 2) . On the contrary, expression of rbcS and cyt-FBPase genes in sink leaves from our plant system was enhanced. As transition from sink to source in a culture-grown sugarbeet depends on their metabolite levels, excess accumulation of sugar in source or in sink from greenhouse-grown sugarbeet plants can alter their physiological and developmental state in different manner. It means that expression of same gene, though in a same experiment system, can be regulated down or up depending on its physiological and developmental condition. We did not perform longer-period experiment to avoid gene repression by side effects, such as senescence. But, we can surmise that the longer-period experiment would lead to conclusion that excess metabolite level in source or sink can alter more obviously gene expression and/or physiological state. Photosynthetic rates declined in intact leaves fed with sugars-During the first 4 h of incubation photosynthetic rates declined only in leaves that were fed sugars (Table 3: 48% in the presence of sucrose and 32% in the presence of glucose). The decline continued during the 24 h period. Leaves treated with water also showed decline in photosynthesis rates, but at much smaller magnitudes than sugartreated leaves. To know the effect of osmoticum control on photosynthesis and stomata, leaves were treated with 3-Ometyl glucose. The osmoticum-treated leaves showed very similar result to water-treated (water ±10% on photosynthesis rate and stomatal conductance, data not shown). Mild sugar accumulation of leaves in water up to 24 h (see Table 1 for sugar levels) resulted in moderate stomatal closure. The decline of photosynthesis rate for 24 h did not appear to relate to altered enzyme activities but likely to be mostly due to stomatal closure which occurred in all leaves including those in the water (Table 3) . Photosynthesis rate could be related to an increase of osmotic pressure in the leaf cell (Heineke et al. 1992 ) and the osmotic pressure in sugar-treated leaves was one of the reasons for photosynthesis inhibition. Since our experiment was conducted for 24 h, it was not enough time period for which the repressed gene expression give any effect directly on photosynthetic process. If the longer-period experiment is conducted, photosynthesis inhibition could be related to feedback inhibition of some enzymes involving carbon metabolism as reported by Krapp et al. (1991) . Changes in photosynthetic capacity resulting from sugar-modulated gene expression generally occur over an extended time period (ca. 3-7 days) (Koch 1996) . Chlorophyll content on the other hand remained relatively stable under all treatment (1.1 ±0.1 to 1.4±0.2, data not shown). When sugar-treated leaves were placed in water for the 24 h derepression period, photosynthetic rates did not recover, and continued to decline (data not shown).
